Neuropathic pain is a common health problem that affects millions of people worldwide. Despite being studied extensively, the cellular and molecular events underlying the central immunomodulation and the pathophysiology of neuropathic pain is still controversial. The idea that 'glial cells are merely housekeepers' is incorrect and with respect to initiation and maintenance of neuropathic pain, microglia and astrocytes have important roles to play. Glial cells differentially express opioid receptors and are thought to be functionally modulated by the activation of these receptors. In this review, we discuss evidence for glia-opioid modulation of pain by focusing on the pattern of astrocyte and microglial activation throughout the progress of nerve injury/neuropathic pain. Activation of astrocytes and microglia is a key step in central immunomodulation in terms of releasing pro-inflammatory markers and propagation of a 'central immune response'. Inhibition of astrocytes before and after induction of neuropathic pain has been found to prevent and reverse neuropathic pain, respectively. Moreover, microglial inhibitors have been found to prevent (but not to reverse) neuropathic pain. As they are expressed by glia, opioid receptors are expected to have a role to play in neuropathic pain.
Introduction
With the central nervous system (CNS) no longer deemed as a passive immune-privileged structure, it is recognised that the CNS can mount innate immune responses, which when chronically activated potentially direct the pathophysiology of a number of neurodegenerative disorders as well as having a central role to play in the development of pathological pain states and opioid drug tolerance. Both neuronal and non-neuronal components of the CNS are recognised as responsible for maintaining the physiologic and pathologic state of the CNS. While the neuronal aspects of pathological pain conditions have historically held the spotlight, attention is now being given to non-neuronal cells, primarily glial cells, and discovering how these cells make fundamental contributions in the development of chronic pain conditions. These same non-neuronal glial cells are also being studied to delineate the mechanism underlying opioid tolerance and opioid withdrawal-induced pain enhancement. New findings show that glial cells are differentially activated to release a variety of signalling molecules, which can have pathological actions, protective actions or both. However, the exact nature of the association between opioids, pain, and alterations in immune functioning remains unclear. In this mini review, we illustrate how glial cells are the focal point in the processes underlying the development and maintenance of chronic pain conditions and the retarded analgesic potency of opioids, and how this point of convergence has important implications for future treatments in pain management.
Peripheral immune function and opioids
Immune regulation encompasses interactions between immune cells and mediators that modulate a variety of stimuli including neuroendocrine modulation of stress (corticosteroids and catecholamines), growth hormones, and opioids. The link between immune function and opioids has been presumed from historical literature, which observed an increase in the incidence and severity of infections in opioid addicts, it has been highlighted that opioids affect the endocrine system. Opioid immune modulatory effects, however, are dependent on a variety of factors including the type of opioid drug, duration of use, as well as patient factors such as genetic background. The site (s) of action for opioid-mediated immunomodulation is one of current research and debate with potential sites of action including (a) peripheral immunocytes, (b) an effect on the hypothalamic-pituitary-adrenal (HPA) axis and (c) effects on sympathetic tone. A synopsis of the research evidence for these potential sites of immune modulation by opioids is provided in Table 1 and we have reviewed this previously [1] . Our interpretation of these findings leads us to conclude that a direct action on immunocytes is doubtful, that the evidence supporting opioid immunomodulation through the HPA axis is unclear (and species dependent) and it is questionable that the opioid-mediated effect on sympathetic tone would be sufficient to support the immunomodulation described. While the mechanisms for opioid-mediated immunomodulation are not fully elucidated, what can be concluded from the literature is that in MOP (mu :µ) receptor-knockout animals no opioid immune modulation is seen, providing robust evidence that MOP is the biological target. In addition, opioid drugs show variance in immunomodulatory effects and that there are interspecies differences in the immunomodulatory actions of opioids. There is growing evidence that glia are central in pain pathophysiology [53] and emerging evidence that glia are opioid-sensitive targets.
Central immunity
Coupled with the expanding significance of glial cells is a gradual disappearance of the idea that the CNS is an immune-privileged organ. It has been found that an innate immune response can be propagated in the CNS [75] which may indicate that the CNS has the ability to fight and recognise infectious and foreign bodies via pattern recognition receptors. Evolving evidence suggests that the central nervous system is able to process antigens and mount immune responses much like that utilised by peripheral organs and exhibits coordinated innate immune reactions in response to both cerebral injury, and systemic bacterial infection [46, 86] . Such innate immunity is an inflammatory response induced by the detection of immunological proteins, released from microorganisms, and initially this occurs in structures of the brain lacking the normal blood-brain barrier (BBB), such as the circumventricular organs (CVO) of the brain. These structures appear to act as 'detector' regions for immunological proteins by a way of constitutive expression 1 3 of CD14 (Cluster of Differentiation Antigen 14: a pattern recognition receptor) and TLR-4 (Toll-like receptor 4; which recognises pathogen-associated molecular patterns), the activation of which leads to the pro-inflammatory events of innate immunity. Microglial cells are located in these regions reacting to endotoxin in the initial innate responses, along with an advancing effect on microglia across other regions of the brain that may lead to the commencement of adaptive immunity in the CNS.
Central immunity and glia
Glial cells were initially thought to be merely supportive elements that surround, protect, and shape the nervous system. In the past decade, glial cells have been recognised to provide neurochemical precursors, supply energy to neurons, regulate the environment of neurons, remove waste products, and control immunity. They are now identified to contribute to the pathophysiology of different disease conditions such as sleep disturbance, fever, disruption of memory and neuroinflammatory/ neurodegenerative diseases. Glial cells are classified into astrocytes, oligodendrocytes, microglia, and ependymocytes, as shown in Fig. 1 . Polydendrocytes have also been categorised as glial cells [17, 77] .
Microglia are the mononuclear phagocytes of the CNS that have similar properties and functions to peripheral macrophages [102] . They are of mesodermal origin and derived from myeloid precursor cells [20, 40, 87] . In a healthy mature CNS, microglia in a "resting state" will have a small, ramified morphology with fine cellular processes and perform a surveillance function. Microglial response or "microglial activation" is characterised by rapid and intense changes in cell morphology, function, and gene expression along with several other events. These include (i) migration towards the site of injury mediated by various molecules including CCL2 (chemokine (C-C motif) ligand 2) via CCL2 receptor (CCR2), fractalkine (CX3CL1) via CX3CR1, ATP via P2Y12 receptor, neuregulin1(NRG1) via ErbBR and possibly the complement CC5a (via CC5aR), (ii) proliferation in response to the activation of ErbBR by NRG-1 and possibly macrophage colony stimulating factor (M-CSFR) by M-CSF, (iii) release of pro-inflammatory cytokines (such as Interleukin-1β (IL-1β), brain-derived neurotrophic factor [93] Bell et al. [10] Sympathetic system Effects such as vagally mediated bradycardia and cardio-protection were noticed in 'sympathectomized' myocardial cells Same effect was found to be performed through glibenclamidesensitive mechanism [92] Chuang et al. [26] Caldiroli et al. [18] Suzuki et al. [104] Tasiemski et al. [105] McCarthy et al. [68] Beck et al. [8] Peterson et al. [80] Przewlocki et al. [83] Nair et al. [73] Singhal et al. [97] Guo et al. [43] Steele et al. [99] Jessop et al. [52] Sharp [94] Immunocytes ( (BDNF), tumour necrosis factor alpha (TNF-α), nitric oxide (NO), cyclooxygenase-2 (COX-2) and interleukin-6 (IL-6)) [11, 27, 28, 42, 45, 103, 110] . Figure 2 summarises the possible events following microglial and astrocyte activation that are expected to develop and/or maintain neuropathic pain. Local activation of microglia is characterised by the production of signalling molecules including various cytokines, proteases and reactive oxygen species (ROS) [76, 106] . The microenvironments in which microglia are activated determine their phenotype. The classical activation is the early phase that is induced by the presence of lipopolysaccharide and interferon-γ (IFN-γ) [47] and results in M1 phenotype. On the other hand, when microglia are activated (alternative activation) in response to interleukin-4 (IL-4) or interleukin-13 (IL-13), they convert to the M2 phenotype. M1 microglia are characterised by a high level of pro-inflammatory cytokines while the late M2 phenotype is characterised by the production of anti-inflammatory molecules such as interleukin-1 (IL-1) and transforming growth factor 1β (TGFβ) [24, 60] .
This activation of central innate immunity does not only occur in response to infection, but also in neuronal damage and ischemia. The reactivity of microglial cells is advantageous permitting neuroprotection, brain homeostasis, and possibly repairs through the release of neurotrophic factors. Despite being a defensive mechanism of immune components, the central immune response is associated with pathological conditions such as meningitis [30, 32] , encephalitis [61, 112] , multiple sclerosis [13, 81] , Alzheimer's disease [69] and Parkinson's disease [12] . It is believed that sustained microglial activation leads to such demyelinating and neurodegenerative diseases, most likely through an excessive production of inflammatory mediators modifying the function of structures such as the BBB.
As microglia are the central immune representatives, they were thought to be the only player in the CNS immunity. It is now clear that astrocytes are important regulators of central immune activity. Astroglia have multiple roles in the CNS and are known to regulate local blood flow [7] , supply neurons with essential nutrients, and control homeostasis [6, 65, 72] . They control the endothelial elements of BBB, and have important implications on brain pathology [15] . Astrocytes have been found to be involved in a variety of neurological disorders through a process known as reactive astrogliosis. This can have both beneficial and detrimental effects, and is characterised by the upregulation of glial fibrillary acidic protein (GFAP) which is seen in a range of neuropathologies including brain ischemia, brain haemorrhage, chronic CNS infections, epilepsy, diabetic retinopathy, Alzheimer's disease, Parkinson's disease, and multiple sclerosis. It is understood from rodent models that activation of astrocytes is mediated by a variety of cytokines including transforming TGF-α, ciliary neurotrophic factor (CNTF), and IL-6 [71, 96] . Overall, it is believed that the extent of reactive astrogliosis, and subsequent changes in the networks of astrocytes, is disease specific with different neuropathologies having distinct molecular and cellular features. In addition, astrocytes are responsible for scar formation, an event that protects fragile neurons [35] , improves axon regeneration [5] , and maintains BBB integrity [16] . However, this might result in neuronal damage or death as Tysseling-Mattiace et al. found that the inhibition of scar formation promotes axon elongation after spinal cord injury [109] , Fig. 2 .
Glial modifiers
Glial cells have been found to respond to several molecules. These compounds have been used in the study of glial cell behaviour in a range of disease conditions experimentally and clinically. Minocycline is a member of tetracyclines, a group of antibacterial agents. Minocycline has been found to act as a microglial inhibitor, immunomodulator with antiinflammatory, and neuroprotective actions. The proposed mechanism(s) are multifactorial and include the inhibition of key enzymes such as inducible nitric oxide synthase (iNOS) [4] and Phospholipase A2 (PLA2) [82] , ability to inhibit caspase-1 and caspase-3 [23] , peroxynitrite-scavenging activity (so it reduces protein tyrosine nitration) [114] , and inhibition of p38 MAPK activity.
Fluorocitrate is an astrocyte inhibitor that is considered as a fluoroacetate precursor. It has the ability to inhibit aconitase, an enzyme that is responsible for isomerization of citrate to isocitrate in the tricarboxylic acid cycle (TCA). Astrocytes have been described as an acetate/glutamate-specific compartment and have been found to be inhibited by this agent [for more details about mechanism, see ref: [36] ].
Pain and glial cells
Pain has been defined by the International Association for the Study of Pain (IASP) as "an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage" [64] . It involves both sensory and affective components. Pain is propagated by a process of nociception that includes the transmission of harmful stimuli by nociceptors (afferent neurons) from the periphery to the CNS via the spinal cord. The transmitted stimulus is processed centrally and results in pain sensation and reflex. In general, pain is classified as acute and chronic; chronic pain is different from acute pain in terms of duration and the presence/absence of tissue damage. In general, when it is maintained for more than known to be a beneficial event, it can result in neuronal damage and death. Astrocyte and microglial activation releases pro-inflammatory cytokines resulting in an aggravated immune response. In addition, immune disturbance induces microglial proliferation and migration to the site of injury/infection beside antigen presenting and phagocytosis. These events, ultimately result in immunomodulation that may be associated with the development and/or maintenance of neuropathic pain 3 months after the disappearance of the causative tissue damage, pain is chronic. Neuropathic pain is a chronic pain that is caused by somatosensory system damage [64] . It is spontaneous pain with a low pain threshold (hypersensitivity and allodynia) and a poor response to traditional analgesics.
The neuronal processes and plasticity underlying different chronic pain states are historically known to involve both peripheral sensitisation-the hyperexcitability of primary sensory neurons and central sensitisation, the increased excitatory transmission at the level of spinal cord, brainstem, and cortex. However, there is growing understanding that non-neural mechanisms are important in the commencement and maintenance of chronic pain states with glial cells being recognised as central to these non-neuronal processes. Pain researchers have been interested in the role of glia in the regulation of pain since 1991, when Garrison et al. [38] noticed an elevated GFAP staining density in chronic pain state, an event that was correlated with hyperalgesia and indicated astrocyte participation in peripheral nerve injuryinduced neuropathy. Serious injuries and not minor acute pains are able to stimulate dynamic alterations in glial cell functioning [91] .
Glia show a clear heterogeneity not only in receptor expression but also in their regional response profiles. For example, cortical and cerebellar astrocytes are activated by a profile of peptides which differ to those peptides stimulating spinal cord astrocytes [78] . Similarly, there are regional differences in microglial responses between spinal and supraspinal sites following injury [117] . Such regional differences in glial cell responses make interpreting findings from region to region and from brain to spinal cord challenging.
Supraspinally, in the rostral ventromedial medulla (RVM), hyperactivation of microglia is seen following chronic constriction injury of the infraorbital nerve, this occurs 1-3 days after injury, and is followed by a prolonged hyperactivation of astrocytes lasting for 28 days [113] . The hyperactivation of glial cells in the rostral ventromedial medulla (RVM) following nerve injury is known to release cytokines (IL-1β and TNF-α) leading to subsequent glutamate receptor phosphorylation in descending pain-modulating pathways leading to an overall facilitation in neuropathic pain. Cytokines released from hyperactivated RVM glial cells act as mediators leading to neuronal hyperexcitability and the development of neuropathic pain [113] . The sequence of glial activation seen supraspinally in the RVM sees microglia cells as important in the initiation phase and astrocytes in maintaining hyperalgesia following nerve injury, similar to the activation chain seen spinally. However, Zhang et al. [117] found that microglial contribution in chronic pain conditions is limited to the spinal cord but not all supraspinal regions.
Even in the spinal cord, microglial activation is variable. For example, following peripheral nerve injury, the activation and proliferation of microglia is seen on the ipsilateral dorsal horn with the contralateral dorsal horn having weak activation [108] . Glial cells rarely divide under resting conditions and their proliferation in the spinal cord is a crucial aspect of glial cell activation. Using a spared nerve injury model, cell proliferation determined using bromodeoxyuridine (5-bromo-2′-deoxyuridine, BrdU), was seen in the dorsal and ventral horn of the spinal cord on the ipsilateral side, those cells positive for BrdU were also labelled for IBA1 (microglial marker), demonstrating predominately microglial propagation [31] .
Surface marker expression following microglial and astroglial activation, at the transcriptional level has been studied. Four hours following L5 nerve transection, microglial activation was determined by an upregulation of microglial surface markers, integrin alpha M (ITGAM), TLR4 and CD14; this was followed later (4 days) by increased and sustained upregulation of GFAP mRNA, indicative of astrocyte activation [29] . In the same laboratory, the pre-emptive use of minocycline decreased the increased expression of ITGAM and TLR4 and reduced nerve injury induced mechanical allodynia. When minocycline was administered 5 days post injury, its effect on behavioural hypersensitivity and mRNA levels of ITGAM and TLR4 was limited [85] , therefore both spinal microglia and astrocytes are progressively involved in the spinal sensitisation following nerve injury.
Following painful injury, glia go through a variety of activation states which include (i) up-regulation of glial markers associated with glial cell activation CCR3 and CD11b, IBA1, GFAP and related morphological changes such as hypertrophy, (ii) increased expression and activation of TLRs involved in innate immunity and chemokine receptors on glial cells [19, 70] , (iii) stimulation of intracellular MAPK cascades and (iv) subsequent increase in growth factors, cytokines, and chemokines that mediate the glial function.
Glia are non-axonal and cannot directly relay nociceptive signals to the brain from the spinal cord, instead glial activation states are believed to shape pathological pain conditions mediated through the release of glial pro-inflammatory products which have a direct effect on nociceptive neurons to increase their excitability and hence firing. Importantly, it has been shown that the inhibition of activated astrocytes and microglia results in attenuated experimental neuropathic pain. Interestingly, minocycline has been shown to prevent this process although it is unable to reverse neuropathic pain once established, while the inhibition of astrocytes using fluorocitrate (an astrocyte inhibitor) has been shown to reverse neuropathic pain. Together these findings suggest that the tempo of microglia and astrocyte activation differs and is important in the establishment and maintenance of neuropathic pain states.
Activation of microglia seems to occur during the early phase of pain [44] which may further contribute to the activation of astrocytes [41, 88] , (Fig. 3) . However, astrocytes release microglial activation factors such as TNF-α, lymphotoxin, IL-6 [3, 62, 63] , alpha-and beta-interferons, monocyte chemoattractant protein-1 (MCP-1), CC5, and RANTES (regulated on activation, normal T cell expressed and secreted) [55] . Therefore, it seems that astrocytes initially enhance the activation of the already activated microglia during the early phase of neuropathic pain. Neurons are not only influenced by these events but also they are able to exert their own modulation on the orchestration of central immunity. Several actions are attributed to the activation of neurons including the inhibition of microglia and induction of microglial apoptosis along with other cellular components [25] . Unlike microglia, astrocytes are resistant to apoptosis [98] , which might explain the effectiveness of astroglial but not microglial inhibitors in the reversal of neuropathic pain (Fig. 3 ).
Glia and opioids
Opioid receptors are GPCR members that are classified into classical (MOP, DOP, and KOP) and are antagonised by naloxone, and non-classical (NOP) which has no affinity to naloxone. They are used extensively in the management of pain. However, their use is associated with unwanted effects including tolerance, dependence, respiratory depression, and immunomodulation. Morphine is the prototypical opioid. Beitner-Johnson et al. [9] determined that the beneficial and unwanted effects of opioids are not limited to neurons, and extend to non-neuronal glial cells based on findings that showed an increased expression of GFAP in the ventral tegmental area following prolonged systemic administration of morphine. Subsequent studies have now shown that opioids are able to activate glial cells leading to up-regulation and release of pro-inflammatory cytokines/chemokines and that repeated dosing of opioid drugs strengthens this activation. In addition, opioid-mediated activation of glia results in an enhancement in nociceptive transmission that subsequently surpasses its analgesic actions [29, 85] . Therefore, long-term exposure to opioids results in processes that enable nociceptive transmission and it is believed that this action contributes towards opioid drug tolerance.
Glial cell activation would appear to be a central mechanistic mediator in chronic pain states and opioid drug tolerance, indeed there is strong evidence highlighting the mechanistic parallels between morphine tolerance and neuropathic pain; both conditions see glia increase extracellular concentrations of neuroexcitiatory substances such as nitric oxide and prostaglandins. Both conditions result in the facilitation of pain and reduction in morphine analgesia and see a reduction in glial glutamate transporters in the dorsal horn leading to increased neuronal excitability. Furthermore, it has been found that long-term use of opioids is associated with increased microglial apoptosis and reduced microglial activity [49] . As mentioned before, microglial activation throughout the progress of neuropathic pain involves an early "classical" pro-inflammatory M1 phenotype and late (alternative) anti-inflammatory M2 phenotype. Minocycline has been found to inhibit M1 but not M2 phenotype [59] , findings that support the proposed explanation of the effectiveness of microglial inhibitors in prevention but not reversion of neuropathic pain. Figure 3 shows the progress of neuropathic pain and/or opioid use from the early phase until the development of neuropathic pain and/or opioid tolerance along with the profile of microglial, astroglial, and neuronal responses.
The findings presented here suggest that glial cell activation, whether induced by opioids, inflammation or tissue injury leads to similar consequences including the release of pro-inflammatory cytokines such as TNF-α, IL-1 and IL-6, which subsequently lead to the release of neuroexcitiatory mediators including nitric oxide, prostaglandins, and excitatory amino acids enhancing pain transmission. The recognition that opioid tolerance and neuropathic pain could be attributed to similar mechanisms is strengthened by Fig. 3 Microglial, astroglial and neuronal responses during the progression of neuropathic pain and/or opioid use. A Microglial activation is the early phase following nerve injury, characterised by classical M1 phenotype features including the release of astrocyte activating cytokines. B Activation of astrocytes in response to microglial markers released. C Further (peak) activation of microglia produced in response to activated astrocytes. D Microglial activation includes the targeting of affected neurons (engulfment of injured neurons). E The neurons themselves try to counteract the phagocytic and damaging activity of microglia by releasing microglial inhibitors and apoptotic factors. F A possible event is that microglia switch to the anti-inflammatory M2 phenotype. Alternatively, the microglial activity declines in response to the neuron-induced apoptosis (G) and/or prolonged use of opioids (H) the longstanding clinical awareness that opioid drugs poorly treat neuropathic pain conditions [66, 67] .
Glial cells and opioid receptor expression
Given that opioid activation of glia leads to enhancement of tolerance diminishing opioid analgesia and augmentation of dependence and reward. It is important to understand whether glial sensitivity to opioids is through a direct or indirect effect. Some studies have indicated that MOP opioid receptor agonists may bind to MOP receptors on spinal glial cells. Indeed numerous studies have shown that opioid receptor expression on glia is variable from one cell line to another, from established cell lines to primary cells, from in vitro to in vivo and from region to region in the CNS. For example, MOP receptor mRNA detected in cultured cortical astrocytes was higher than in cultured cerebellar and striatal astrocytes and was absent in hippocampal astrocytes [90] . Low expression of MOP receptor was detected in vivo in a limited area of the CNS under normal conditions [101] . The absence of MOP receptor from astrocytes in rats was reported by Kao et al. [56] . In regards to the forskolin-stimulated cAMP accumulation, Eriksson et al. [33, 34] found an antagonist-reversed effect of DOP and KOP, but not MOP agonists in rat cerebral cortex astrocytes. However, they found MOP-induced inhibitions of cAMP in other regions of the brain [34] .
Other studies have shown that MOP, DOP and KOP mRNA are differentially expressed in rat primary astroglial cultures from different areas of the brain including cortical, striatal, cerebellar, hippocampal and hypothalamic regions [90] . In five glial cultures, Ruzicka et al. found that KOP and DOP expression is higher than MOP. Although these receptors were expressed on astrocytes from all of these sites, it was found that the abundance of opioid receptors was as follows: MOP in cortical, DOP in cortical/hypothalamic, KOP in cortical/hypothalamic/ cerebellar astrocytes.
Other factors may affect cell behaviour and the expression of opioid receptors. Culture confluence might influence the pattern of opioid receptor expression. Stiene-Martin et al. [100] found that cell confluence could change the expression of opioid receptors on astroglia taken from the cerebral cortex, hippocampus, cerebellum, and striatum of 1-day-old mice. Using flow cytometry and agonist-induced changes in intracellular calcium, they found that low-density cultures resulted in greater expression of MOP in the cerebral cortex and hippocampus and low expression of DOP. At confluence, MOP expression was still the greatest while DOP expression declined in the cerebellum but increased in the hippocampus. It was found that confluence did not affect the expression of KOP and no difference was found between low-density and confluent cultures. However, in confluent cortical cultures, the proportion of KOP expressing cells is less than at low-density.
The expression of opioid receptors on oligodendrocytes is also differential. According to Knapp and colleges, primary mouse oligodendrocytes express both MOP and KOP but not DOP receptors. However, the expression of MOP and KOP was found to be influenced by stage of development and level of stimulation [58] . Higher expression was seen in the early stage of development; this decreased in mature cells. Furthermore, they found a differential response of opioid receptor activation namely a MOP-induced proliferation and KOP-induced growth and differentiation [57] . Progressive down-regulation of MOP receptor on primary mouse oligodendrocytes was reported in relation to developmental stages [107] that might indicate a direct effect of maturation on the expression patterns of opioid receptors on oligodendrocytes. However, in rat primary oligodendrocytes, it was found that MOP and DOP antagonists inhibit oligodendrocyte proliferation [79] .
Some uncertainty surrounds opioid expression on the central immune representative cells, microglia. For example, in terms of RNA, radioligand binding assays and immunofluorescence assays, it was found that primary neonatal human microglia constitutively express KOP receptor [21] . Inhibitory effect of MOP receptor on microglial cell chemotaxis has been reported, suggesting MOP expression [22] . However, the absence of classical opioid receptors on microglia and/or opioid receptor-independent actions has been reported by other studies [56, 84] . A possible interpretation of morphine-induced microglial response is the cross talk between opioid receptors and toll-like receptors (TLRs; well known to be expressed by microglia and other immune cells). Nevertheless, most studies are reporting that morphine (as a prototypical opioid) has a naloxone reversible effect on microglia and the question to be raised here is whether naloxone can reverse the effect of morphine on TLR-4 receptors. Interestingly, it has been reported that naloxone does reverse the effect of morphine on TLR-4 [50] .
Given how the activation of glia by opioids essentially instigates a limiting factor in their analgesic efficacy, and that chronic pain states and inflammation share a common activation of glia, what are the possible clinical implications for the use of opioids in the treatment of different conditions? In animal models, intraperitoneal injection of the bacterial endotoxin LPS can activate spinal glia and that a loss of analgesic efficacy for morphine is seen [54] . Further studies have revealed how neuropathic pain decreases morphine efficacy [66] , a finding linked to the increased production pro-inflammatory cytokines, by glia, when opioids are administered to an established neuropathic environment.
Inhibitors of glial cell activity could therefore represent an approach for reducing opioid tolerance, and it has been suggested that suppression of activated microglia attenuates neuropathic pain. Indeed, both fluorocitrate and minocycline, which inhibit the actions of pro-inflammatory cytokines, have been demonstrated to enhance morphine analgesia and reduce morphine tolerance.
In conclusion, glia cells play central (and interacting) roles in several immune-related actions including inflammation and neuropathic pain. Moreover, the use of opioids is associated with addiction, tolerance, immunosuppression, astrogliosis, and microglial apoptosis. Glial cells represent targets for use in the pain clinic and development of novel selective drugs for both opioid receptors and glia is an exciting challenge for the future.
